An electrochemical study of iron was carried out in KCl+LiCl+NaCl melt at 550ºC using a glassy carbon working electrode. Cyclic voltammetry showed that the Fe (II)/Fe (0) electron exchange is a soluble/insoluble reversible process. Chronoamperometry studies suggested that the nucleation of metallic iron on glassy carbon electrode is instantaneous.
Introduction
Knowing the electrochemical behaviour of metallic ions in molten salts is crucial for electrometallurgical processes [1, 2] . These processes include both extraction of metals from primary sources and recovery from wastes. Recently there has been a growing interest in developing an electrolytic process for iron production [2] [3] [4] [5] . Furthermore, while an electrolytic process is used for treatment of wastes, iron is quite often present.
Therefore, the electrochemical behaviour of iron in fused salts has been extensively studied. These studies have been performed using different salt mixtures and substrate materials at different temperatures. Some of these electrolytes include KCl+LiCl [6] [7] [8] [9] [10] , NaCl+KCl [11] [12] [13] , ZnCl 2 +2NaCl [14, 15] , MgCl 2 +NaCl+KCl [16] , AlCl 3 +NaCl [17] , and NaCl [18] .
Platinum has shown high reactivity towards iron ions; when it is used as substrate, alloying occurs and the Fe (II) reduction is far from reversible [6, 12, 16] . Other substrates such as tungsten, glassy carbon and molybdenum have shown inertness towards iron ions [6, 11, [13] [14] [15] [16] [17] with one exception for tungsten [18] . According to these studies, Fe (II) reduction process is reversible and diffusion-controlled [6, 7, 13, 16] although in some cases it has shown some features which do not conform to a fully reversible process [13, 16] . In two other studies, deviation from reversibility was high enough to consider the Fe (II) reduction as quasi-reversible [14, 15] . Although, many studies have been done on iron in chloride melts, it seems little attention has been paid to FeCl 3 behaviour and stability in these electrolytes. The existence of FeCl 3 has been reported in some of the studies [6, 7, 10, 11, 14, 18] . However, it showed to be not very stable and was difficult to detect it [6, 7, 10] . But in some other studies iron (III) chloride was not detected at all [12, 13, 15, 16] . Its absence has been attributed to instability/volatility of this compound [6] . It seems that the experimental conditions such as temperature, electrode material and composition of the melt have a great influence on FeCl 3 stability. At high temperature it decomposes to FeCl 2 and Cl 2 [19] . This reaction may be catalysed by the electrode surface [6] . In addition, the electrode itself may participate in electrochemical reactions by alloying with iron and complicating reactions [12] or through oxidation and chemically reducing Fe (III) ions; the latter conceals electrochemical oxidation of Fe (II) to Fe (III) [20] . Composition of the melt also has an important effect [21] . It has been shown that, FeCl 3 and likewise AlCl 3 [22] , reacts with alkali chlorides and forms stable complexes, with the general formula of MFeCl 4 , where M is the alkali metal [23] . The other parameter which may have a role in determining the stable ions, is the method used to introduce the iron ions into the melt. In many studies, Fe (II) ions were generated by anodic dissolution of metallic iron at constant current (coulometry) [14, 10] . On the other hand, it has been reported that the addition of anhydrous FeCl 3 leads to generation of stable Fe (III) ions [18] while other papers have shown that FeCl 3 .6H 2 O can serve as a source of bivalent iron [12] [13] . In those two cases, where FeCl 3 was added to the melt [11, 18] , the reduction occurred in one single reversible step; Fe (III)/Fe (0). In contrast, two other studies reported that the reduction occurred in two steps and that the Fe (II)/Fe (III) exchange was either reversible [17] or quasi-reversible [14] .
This work is a study of the electrochemical behaviour of iron in molten LiCl+KCl+NaCl mixture at 550ºC. In addition to basic electrochemical discussions, this study even looks at the behaviour of FeCl 3 based on current results and previous studies. The chosen electrolyte is used for "salt extraction process", a molten salt electrolytic process for recovery of metallic values from waste materials e.g. steel slag. This process was firstly applied to steel slag for the recovery of chromium and iron at elevated temperatures; e.g. 900ºC. The electrolyte was KCl+NaCl [20] . Later some modifications were applied to the process which enabled performing the process at lower temperatures. Therefore the electrolyte was changed to the ternary mixture of LiCl+KCl+NaCl. The ternary phase diagram shows a ternary eutectic reaction at 346ºC [25] . Therefore, this mixture has the capacity for a low temperature electrolytic process. Nevertheless, it is worth mentioning that the composition of this ternary mixture is very close to the binary KCl+LiCl, which is the common molten salt used for many similar processes.
Experimental
All the chemicals including KCl, LiCl, NaCl and FeCl 3 (Sigma Aldrige, 99 %) were weighed and kept in a glove box to avoid contact with moisture and oxygen. The required amounts of alkali metal chlorides, i.e. 52 mol% LiCl + 40 mol% KCl + 8 mol% NaCl, were mixed together. This is the composition of the eutectic point of their ternary system at 346ºC [25] . An air-tight three-electrode cell with alumina radiation shields and a glassy carbon crucible (65 mm diameter and 72.5 mm height) were used in the experiments. A flow of argon was kept during the experiments to provide an air free atmosphere; argon gas was also used for stirring the electrolyte. A 1 mm diameter tungsten wire and a 2.3 mm diameter glassy carbon rod served as working electrodes and a graphite rod (5 mm diameter) was used as the counter electrode. A silver wire (1 mm diameter) dipped into the mixture of same electrolyte plus 10 wt% AgCl inside a pythagoras (alumina + silica) tube served as the reference electrode. The temperature was measured using a type S thermocouple (Pt-Pt/10 % Rh). The electrolyte (100 g) was heated at 200ºC and kept at this temperature overnight and then heated to 550ºC. Cyclic voltammetry and chronoamperometry were performed in order to study the iron behaviour in this electrolyte. The measurements were done using an Autolab PGStat-30 potentiostat.
Results and discussion

3.1.
Basic electrochemical response Figure 1 shows the voltammogram for the Fe (II) solution on glassy carbon electrode.
There is one couple of cathodic and anodic current peaks between -0.9 to -0.2 V. The shapes of the peaks are typical for the formation and reoxidation of a constant activity product; the cathodic peak, marked as A, shows a break at the beginning of the reduction and the anodic peak, marked as A', is a sharp stripping peak. Considering the peak potential values, the extrema A and A' are related to the reduction of Fe (II) and stripping of deposited iron, respectively. At lower potentials the deposition of alkali metal chlorides (NaCl/LiCl) defines the cathodic end of the electrochemical window. It can be seen that the discharge of alkali metal ions (Li/Na) starts from potentials as high as -1.2 V which is much more positive than the standard value. On tungsten electrode the deposition begins at around -1.9 V [18] . It is well-known that alkali metals (especially Li) reacts with graphite and this leads to the underpotential deposition of these metals [26, 27] . But, in this study the substrate was glassy carbon which is less reactive than graphite. Therefore, this shift in reduction potential is unexpected and the reason was not identified. Nevertheless, it is not related to iron ions since the same phenomenon was observed in the pure electrolyte before adding the iron chloride. There is another couple (cathodic, B and anodic B') located between 0.4 and 1.1 V. The shape of these peaks is characteristic of a soluble-soluble exchange which can be attributed to the exchange of Fe (II)/Fe (III) ions. Continuation of anodic peak, B', connects to chlorine evolution at the other end of the electrochemical window. These conform to the results in similar studies [11, 14] . 
3.2.
Fe (II) / Fe (0) exchange As can be seen in Figure 1 the cathodic peak corresponding to Fe (II) reduction and deposition has a steep rise and slow decay. For the anodic peak the decay is steeper than the rise which is characteristic for a stripping peak [14] .
The voltammograms recorded at different sweep rates shown in Figure (a) shows that the cathodic and anodic peak potentials shift as the sweep rate is increased. Figure (b) illustrates the variation of the cathodic peak potential with the logarithm of the sweep rate. Considering the value of ⁄ (= 48 mV) and also the peak separation ( ) suggest that the process is not fully reversible [28, 29] . 2+ and square root of scan rates, respectively. They both show a linear behaviour with intercepts almost equal to zero which suggests a diffusion-controlled process [28, 29] . Figure 3 a) The dependence of the absolute value of the peak current density on square root of sweep rate for Fe 2+ reduction on glassy carbon electrode in a KCl+LiCl+NaCl melt at 550ºC, It is likely that the observed peak separation is due to an uncompensated resistance [28] .
Besides, in Figure 3 , some of the intercepts are very close to zero, but not exactly zero.
These small positive values for intercepts cannot invalidate our deduction regarding that the process is diffusion-controlled. This can be attributed to the effect of iron deposition.
Similar observation were reported elsewhere [13, 16] .
Considering all these, the Fe(II)/Fe(0) process in this study can be considered reversible and diffusion controlled. Obviously it is not fully reversible and it shows a low degree of irreversibility. This type of behaviour has been reported in other similar studies [13, 16] . Figure 4 (a) illustrates I-t transients obtained for the deposition of iron on glassy carbon.
Electrochemical nucleation
As can be seen the transient at -580 mV (curve 1) is typical for a diffusion controlled process. When the applied potential increases, the situation changes and nucleation behaviour appears in the transients. First, the current passes through a minimum which is due to the coincidence of the falling charging current with the as yet small nucleation growth current. This is followed by a maximum which has been attributed to the overlap of neighbouring diffusion zones. Finally, the current decays with time which is because the process becomes completely diffusion controlled [30] . These features can be more clearly detected in curves 4 and 5 in Figure 4 (a). The minimum and maximum currents show high sensitivity to the value of the stepped potential. This reveals that at high enough overpotential, nucleation and growth phenomena have a significant role in the overall process. Similar behaviours have been reported for deposition of iron on glassy carbon [14] and tungsten electrodes [16] .
The nucleation behaviour depends on the rate of appearance of stable growth centres.
There are two limiting cases referred to as instantaneous and progressive nucleation. In instantaneous nucleation all the nuclei are created at the same moment at the beginning of the electrolysis, where in progressive nucleation new crystals are continuously created throughout electrolysis.
In order to determine the mode of nucleation behaviour in this study two analytic methods have been used: (i) the non-dimensional plots for chronoamperometric curves; and (ii) the product of where and respectively represent the time and current density corresponding to the maximum in each transient. show instantaneous nucleation which agrees with the results of another study of iron deposition on glassy carbon in ZnCl 2 +2NaCl at 450ºC [14] .
The other criterion, the product of ( ), was also examined for potentials equal -610 and -620 mV. The value of was achieved both by calculation from the corresponding equations and also through multiplying the measured experimental values.
These are represented in Table 1 . From comparison of these two methods, it was ascertained that the nucleation mode is closer to the instantaneous limiting case; this conforms to the result of the first criterion as well as previous studies [14] .
In the experimental data presented in Figure 4 (b) some parts exist which are out of range. This can be attributed to the effect of periodic electrical noise while the experiment was performed. The corresponding data points can be detected in curves 4 and 5 in Figure 4 (a), where they appear as knots. 
Diffusion coefficient of Fe (II)
The diffusion coefficient was calculated using different electrochemical techniques.
Based on cyclic voltammetry studies, this can be done from the slope of the lines in Figure 3 (a) and by using the suitable equation. One model for the electrodeposition on a solid electrode was developed by Berzins -Delahay [31] . The equation is derived based on the assumption of a constant activity of metal deposit equal to unity. This model seems to give the best description for the process of metal deposition on solid electrodes in fused salt melts [13] :
here I P is the cathodic peak current from the voltammogram, n is the number of electrons transferred (here n = 2), F is the Faraday's constant, R is the gas constant, S is the area of the electrode (cm 2 ), c is the bulk concentration of Fe 2+ (mol cm -3 ), T is the absolute temperature, D is the diffusion coefficient (cm 2 s -1 ) and ν is the scan rate (V s -1 ). The values of the diffusion coefficient for Fe 2+ , calculated at different concentrations, are summarized in Table 2 .
The calculated values obtained here are in agreement with the previous studies [6, 9, [12] [13] [14] 16] . As can be seen, the values of the diffusion coefficient are not clearly independent of the concentration of iron ions. They are conversely correlated to concentration. This has also been mentioned in [13] and has been attributed to the structure reorganization of the molten chloride systems. 
Fe (III)
As can be seen in Figure 1 , the oxidation potential of Fe (II) to Fe (III) is very close to that of oxidation of Cl -ions to form chlorine gas. In addition, FeCl 3 is only partially stable in these melts. This make the study of this process difficult; achieving precise and clear experimental data sometimes become elusive [6, 7] and interpretation of them would be difficult. In this study, current peaks related to FeCl 3 redox reactions were detected in voltammograms, Figure 1 . In the following comes our observations and discussion.
However, the necessity of a more thorough investigation on Fe (II) oxidation in chloride melts seems obvious.
The voltammograms recorded at different sweep rates are illustrated in Figure 5 (a) and the variation of the anodic peak potential with the logarithm of sweep rate is shown in Figure 5 (b). It is obvious that as the sweep rate increases the peak potentials shift which implies some irreversibility for this process [28, 29] . The value of ⁄ is equal to 73 mV which confirms this fact. In a similar study [14] some irreversibility has been reported but our results show a higher degree of irreversibility. Figure 6 shows the absolute value of the peak current densities for both cathodic and anodic reactions versus square root of sweep rate. On the reverse scan the reduction current decreases considerably; but at higher scan rates the reverse peak becomes more apparent. Furthermore, at higher sweep rates the absolute value of the anodic peak current does not show a noticeable change.
These observations suggest the influence of a chemical reaction. Oxidizing Fe (II) ions on the forward scan leads to the production Fe (III) ions. Before the cathodic reaction occurs on the reverse scan, the Fe (III) ions are consumed in a chemical reaction. The FeCl 3 concentration in the electrolyte drops which in turn causes the cathodic current decreases on reverse scan. However at higher sweep rates, there is less time for the chemical reaction to proceed, thus, the reverse current is higher; Figure 5 (a) and Figure 6 . Also, the value of ⁄ ⁄ decreases slightly when sweep rate is increased, which is another feature for this type of process [28] Figure 6 Dependence of the absolute value of the peak current density on the square root of the scan rate for both oxidation (Δ) and reduction (□) reactions between Fe 2+ and Fe 3+ on glassy carbon electrode in a KCl+LiCl+NaCl melt at 550ºC, concentration of FeCl 2 : 1.05*10 -1 mol dm -3 (0.0658 mol kg -1 ).
As mentioned before, in this study the iron ions where introduced into the melt through addition of FeCl 3 . Due to the higher stability of FeCl 2 , the equilibrium between Fe (II) and (III) chlorides (equation 2) moves in favour of FeCl 2 formation. is distorted. Therefore, the reaction moves to the right direction and before the electrochemical reduction occurs on the reverse scan, FeCl 3 is chemically converted to FeCl 2 . Therefore, as much as the timescale of the scan is longer, the cathodic current on the reverse scan decreases.
Unlike the two other studies [11, 18] where addition of anhydrous partially stable. This is likely because of the presence of KCl and NaCl in this melt which enhances the stability of FeCl 3 through formation of complexes [32] . The other significant parameter is the chlorine gas pressure. If the pressure of Cl 2 is kept very low (close to zero) FeCl 3 decomposes completely. On the other hand, the solubility of chlorine in these melts is low. Therefore, the equilibrium between chlorides can disrupt easily. If chlorine gas is supplied, the FeCl 2 formed from the decomposition of FeCl 3 reacts with chlorine gas and again forms FeCl 3 [21] . As can be seen in Figure 5 , here the evolution of chlorine gas is possible; which may have influenced the equilibrium of equation 2. This may also explain the different observations that have reported upon adding FeCl 3 into the chloride melts [1218] . After recording the voltammograms for the Fe (II)/Fe (III) exchange, a yellow deposit was formed on the cooler part of the cell. A similar observation has been reported elsewhere [6, 11, 16] . The resulting yellow deposit was analysed and identified to be FeCl 3 [6] . However, we did not analyse any deposits in the present work.
One important point is that the concentration of iron which is generally reported as either (0.0658 mol kg -1 ).
